The time-slotted channel hopping scheme improves the sys tem reliability and leads to better coexistence performance for both WirelessHART and ISAlOO.11a systems.
Even though WirelessHART and ISA 100.lla protocols provide the basic functions described above to relieve co existence problem, it cannot be completely resolved in the existing protocols. 
III. TESTBED IMPLEMENTATION
The testbed in this study consisted of WirelessHART sys tem, ISAlOO.lla system, ZigBee system, and WLAN system.
All the experiments on coexistence test were performed in a real, harsh industrial environment in which electro-pneumatic (EIP) positioners are manufactured as shown in Fig. 2 .
The configuration of test bed is illustrated in Fig. 3 . The environment consisted of a large number of worktables with metal shelves and air pumps that affected the wireless signal
propagation. There were also many manufacturing devices that generated wireless signal interference, such as vibration testers, magnetizers, valve testers, etc.
A. WirelessHART & ISAlOO.lla System
In this test, both the WirelessHART and ISA 100.11 a systems were composed of an all-in-one device (hereafter, the gateway) and ten field devices. The gateways were deployed on worktable A and ten field devices were deployed on worktables B-K as shown in Fig. 3 . In both cases, the gateway 
C. WLAN system
The WLAN system was also realized as a wireless inter ference system for WirelessHART and ISAlOO.11a systems. ported by WirelessHARTIISA100.11a radio modem). The length of publish messages was observed through a packet sniffer. Both the WirelessHART and ISA 100.11 a gateways were limited to accept ten publish messages per second.
Besides the publish messages, each system also generated packets for network management (such as time slot schedul ing and device health reporting). For WirelessHART and ISA100.11a, all the supported fifteen channels (Channels 11-25 as shown in Fig. 1 ) were used for channel hopping.
Because the ZigBee system does not support channel hopping scheme, it only worked on one channel (Channel 20 in Fig.   1 ).
During the test, we first evaluated the PLR of Wire lessHART and ISA100.11a when they did not coexist with wireless interference systems. After that, we gradually in creased the number of interference nodes to five, ten, and fifteen. Fig. 7 shows the mean value and 95% confidence interval of the WirelessHART PLR (Fig. 7a ) and ISA100.11a PLR
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( Fig. 7b) However, the ISA100.11a gateway managed the network topology using a more static method. During the initialization stage, the ISA100.11a gateway assigned two communication paths to each field device with one as the primary path and the other one as the secondary path. The network topology of ISA100.11a was changed only when the PLR of the primary path of some field device reached a specified threshold which was set by the original equipment manu facturer. The ISA100.11a field device continued using the primary path as long as the PLR of that path was lower than the threshold, even though the conununication status of the primary path went worse than the others. Because the ISA100.11a PLR was much lower than the threshold in this experiment, the network topology is almost static. As a result, the ISA100.11a system had higher PLR average and variance than the WirelessHART system whose network topology is more dynamically changed according to the environment.
B. WirelessHART & ISAlOO.ll a under WLAN Inteiference
This test scenario evaluated the PLR of the WirelessHART & ISA100.11a systems when they coexisted with a WLAN not support channel hopping scheme, it only worked on one channel (Channel 1 in Fig. 6 ), which overlapped four WirelessHARTIISA100.11a channels (Channel 11-14 in Fig.   1 ).
5.0Or-------------------
The traffic conditions of WirelessHART and ISAI00.11a
were same as those in scenario A, except that the Wire lessHART system used fifteen (Channels 11-25 in Fig. 1 ) or four channels (Channels 11-14 in Fig. 1 ) for channel hopping.
When the WirelessHART system used fifteen channels, four of them overlapped the WLAN channel. When the Wire lessHART system only used four channels all the channels overlapped the WLAN channel, which was the worst case scenario. We did not evaluate the PLR of ISA100.11a when it only used four channels (Channels 11-14 in Fig. 1 ) that completely overlapped the WLAN channel. This was because the ISA 100.11a equipment used in this test did not cause the worst case scenario as a result of an adaptive spectrum management scheme. The adaptive spectrum management scheme was used when not all of the fifteen channels were used for channel hopping. The ISA100.11a system monitored the status of all the fifteen channels and adaptively switched to channels with least interference. In this case, when the WLAN interference in the four overlapped channels was increased, the ISA100.11a system automatically switched to another four channels (i.e. Channels 15-18 in Fig. 1 ) with less interference rather than hopping on configured channels.
After that, the ISAI00.11a and WLAN systems worked on different frequency spectrums and did not interfere in each other. Thus, the adaptive spectrum management scheme in ISA 100.11 a does not lead to the worst case scenario as shown in the case of WirelessHART. During the test for either WirelessHART or ISA100.11a, we first evaluated the PLR of each system when they did not coexist with WLAN interference system. After that, we gradually increased the number of WLAN TCP/IP streams to four, eight, twelve, and sixteen. Fig. 8 shows the mean value and 95% confidence interval of WirelessHART PLR and ISA 100.11 a PLR with respect to the number of WLAN TCPIIP streams. When there was no WLAN interference, the mean value of WirelessHART PLR using four channels was 3.02% which was higher than using fifteen channels. For one thing, the WirelessHART system suffered interference from the harsh industrial environment.
The WirelessHART system hopping on four channels was less robust to the interference from industrial environments than the system hopping on fifteen channels. For another, the self-interference of the WirelessHART system became stronger using four channels than using fifteen channels.
After all the 16 TCPIIP streams were added as interference, the mean value of the Wireless HART PLR using four and fifteen channels was respectively 11.95% and 3.36% and the mean value of the ISA100.11a PLR using fifteen channels and accurate simulation models which can be used to estimate the coexistence performance of co-located wireless industrial automation networks.
